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We rigorously analyze the low-temperature properties of homogeneous three-dimensional two-
component Bose mixture with dipole-dipole interaction. For such a system the effective hydrody-
namic action that governs the behavior of low-energy excitations is derived. The infrared structure
of the exact single-particle Green’s functions is obtained in terms of macroscopic parameters, namely
the inverse compressibility and the superfluid density matrices. Within one-loop approximation we
calculate the anisotropic superfluid and condensate densities and give the beyond mean-field stabil-
ity condition for the binary dipolar Bose gas. A brief variational derivation of the coupled equations
that describe macroscopic hydrodynamics of the system in the external non-uniform potential at
zero temperature is presented.
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I. INTRODUCTION
During past decade the progress in creation of Bose-
Einstein condensates of atoms with large magnetic mo-
ments [1–3] opened up a new area in the physics of
ultracold gases. The interplay of the anisotropic long-
range dipole-dipole interaction and a short-range repul-
sion leads to the exciting properties of dipolar conden-
sates [4–6].
Interesting, but less studied is the behavior of dipolar
Bose mixtures. Depending on the system’s parameters
the phase diagram of binary dipolar Bose condensates
is characterized by the alternation of stable-unstable re-
gions [7] and complicated structures formation [8, 9].
The ground-state properties of low-dimensional systems
were also extensively studied [10, 11]. In the quasi-two-
dimensional case, where the presence of dipole-dipole in-
teraction leads to the maxon-roton spectrum [12] of el-
ementary excitations, the two-component dipolar Bose
system exhibits phase separation caused by the softening
of the roton mode [13]. The long-range character of dipo-
lar two-body interaction is responsible for the creation of
solitons with a large number of atoms [14]. Even for
the binary Bose condensate that contains only one dipo-
lar component a variety of non-trivial phases emerges,
including a novel quantized vortices phase [15] in the ro-
tating system and robust supersolid phases [16] in the
system on the square lattice.
Recent observation [17] of the droplets formation in
dysprosium (164Dy) condensate will surely stimulate fur-
ther studies of dipolar Bose systems. These experiments
discovered an intriguing phase of the system where the
superfluidity is accompanied by the broken translational
invariance. Actually, they revealed the role of quantum
fluctuations [18, 19] in the formation of new states of
∗e-mail: volodyapastukhov@gmail.com
matter.
In the present article by means of hydrodynamic ap-
proach we study the properties of two-component dipolar
Bose mixtures which, we hope, will soon be implemented.
In particular, it is indicated the impact of the beyond
mean-field effects on the stability and superfluid proper-
ties of two-component dipolar bosonic gases.
II. FORMULATION
The considered model is characterized by the following
action
S =
∫
dxψ∗a(x)
{
∂τ +
~
2
2ma
∆+ µa
}
ψa(x)
−1
2
∫
dx
∫
dx′Φab(x− x′)|ψa(x)|2|ψb(x′)|2, (2.1)
here x = (τ, r) and the summation over repeated indices
a, b = (A,B) is assumed. The first term describes two
non-interacting sorts of Bose particles with chemical po-
tentials µa and the second one takes into account both
dipole-dipole interaction as well as short-range repulsion
between particles Φab(x) = δ(τ)Φab(r)
Φab(r) = gabδ(r) + Φ
(d)
ab (r), (2.2)
where Φ
(d)
ab (r) = dadb
1−3z2/r2
r3 , i.e. all dipole moments
dA, dB are assumed to be oriented along z axis. We im-
pose periodic boundary conditions with large volume V
on the spatial dependence of complex fields ψa(x) and
with period β = 1/T (T is the temperature) on the imag-
inary time variable τ .
In order to study the properties of low-energy collective
modes we pass to the phase-density representation of ψ-
fields [20]
ψa(x) =
√
na(x)e
iφa(x), ψ∗a(x) =
√
na(x)e
−iφa(x).(2.3)
2For the spatially uniform system we can use the following
decomposition of density and phase fields
na(x) = na +
1√
βV
∑
K
eiKxnaK ,
φa(x) =
1√
βV
∑
K
eiKxφaK , (2.4)
treating na as equilibrium densities of each component
[21]. We also define four-momentum K = (ωk,k) with
condition k 6= 0 imposed on the wave vector, and intro-
duce bosonic Matsubara frequency ωk.
III. STRUCTURE OF LOW-LYING
EXCITATIONS
The hydrodynamic approach allows us to proceed fur-
ther consideration in the canonical ensemble. The corre-
sponding action after substitution of na(x) and φa(x) in
Eq. (2.1) reads
S = S0 + Sint. (3.5)
Here the first term is (δab denotes the Kronecker delta)
S0 = const− 1
2
∑
K
{
ωkφ
a
Kn
a
−K − ωkφa−KnaK
+
~
2k2na
ma
|φaK |2 +
[
~
2k2
4mana
δab + νab(k)
]
naKn
b
−K
}
,(3.6)
where νab(k) = gab + 4πdadb[k
2
z/k
2 − 1/3] is the
Fourier transform of two-body potentials; const =
−βV nanbνab(0)/2 shifts the ground-state energy of the
system and νab(0) = gab should be treated as a direction-
averaged value of νab(k) in the k → 0 limit. From the
latter fact we see that the mean-field thermodynamics of
the uniform dipolar Bose system is unaffected by dipole-
dipole interaction. It is easy to show by means of simple
diagonalization procedure that S0 is the action of non-
interacting Bogoliubov quasiparticles with two branches
of excitation spectrum and the last term in Eq. (3.5)
takes into account interaction between them
Sint =
1
2
√
βV
∑
K,Q
~
2
ma
kqna−K−Qφ
a
Kφ
a
Q
+
1
3!
√
βV
∑
K+Q+P=0
~
2
8man2a
(k2 + q2 + p2)naKn
a
Qn
a
P
− 1
8βV
∑
K,Q
~
2
2man3a
(k2 + q2)naKn
a
−Kn
a
Qn
a
−Q. (3.7)
These collisional terms are responsible for the simplest
quasiparticle decay processes providing the finiteness of
the elementary excitation lifetime.
Previously [22] it was shown how to relate parameters
of low-lying excitations with measurable quantities of the
one-component dipolar superfluid. This analysis can be
naturally extended on the two-component Bose mixtures
with the dipole-dipole interaction. In particular, for all
diagrams with two external nK-lines one obtains
Dabnn(K → 0) = ∂µa/∂nb + 4πdadb[k2z/k2 − 1/3]. (3.8)
Mentioning that differentiation of every exact ver-
tex function with respect to na adds one more zero-
momentum naK line to this vertex we conclude
Dabcnnn(0, 0) =
∂3f
∂na∂nb∂nc
=
∂2µa
∂nb∂nc
, . . . , (3.9)
where f is the free energy density of a two-component
dipolar Bose system. Note that only second-order ver-
tices exhibit anisotropic behavior in the long-wavelength
limit, i.e., depending on the angle between momentum
and the direction of the external magnetic field.
Similarly to the one-component case we can derive the
second class of identities supposing that each constituent
of our system moves with velocity va, which is equiv-
alent to the following gauge transformation φA(B)(x) →
φA(B)(x)−mA(B)rvA(B)/~ of the initial action (3.5). Ro-
tational invariance in the transverse to the external field
plane ensures that thermodynamic quantities of the mov-
ing Bose system depend only on v⊥a v
⊥
b and v
z
av
z
b , there-
fore for the free energy density we have
fv = f +
1
2
ρ⊥abv
⊥
a v
⊥
b +
1
2
ρzabv
z
av
z
b + . . . , (3.10)
where introduced here symmetric matrices ρzab, ρ
⊥
ab have
the meaning of superfluid mass densities along and in
the transverse direction to the dipole orientation, respec-
tively. In the zero-temperature limit the whole liquid is
superfluid and consequently the requirement of current
conservation leads to the following identities
ρzAA + ρ
z
AB = ρ
⊥
AA + ρ
⊥
AB = mAnA, (A→ B). (3.11)
Taking into account expansion (3.10) and fact that differ-
ential operator ~imA(B)k
∂
∂vA(B)
acting on the exact vertex
function raises the number of φA(B)(K)-lines with zero
frequency and vanishingly small k we finally get
Dabφφ(K → 0) =
~
2k2
mamb
{
ρ⊥abk
2
⊥/k
2 + ρzabk
2
z/k
2
}
,(3.12)
Dabφn(K → 0) = −Dbanφ(K → 0) = δabωk. (3.13)
In principle, absence of infrared divergences in the hy-
drodynamic description permits to verify the last equal-
ity within perturbation theory arguments. Moreover, the
behavior of every vertex function is qualitatively repro-
duced even on the one-loop level. Finally, it should be
noted that by using these two differentiation rules one can
obtain the long-wavelength asymptotics of arbitrary ex-
act vertex. Particularly, for third-order vertices with two
phase and one density lines we find in the limit K,Q→ 0
Dabcφφn(K,Q) = −
~
2k⊥q⊥
mamb
∂ρ⊥ab
∂nc
− ~
2kzqz
mamb
∂ρzab
∂nc
, (3.14)
3which together with (3.9) justify the effective Landau hy-
drodynamic description of two-component dipolar Bose
systems.
Equations (3.8), (3.12) and (3.13) clearly demonstrate
the phonon-like behavior of two branches of excita-
tion spectrum in the long-length limit and determine
direction-dependent sound velocities in terms of matri-
ces χab(k) = D
ab
nn(K → 0), ηab(k) = Dabφφ(K → 0)/~2k2
c4k − c2kSp{η(k)χ(k)} + det |η(k)χ(k)| = 0. (3.15)
Although we discuss the ground-state properties of the
system, the above equation is valid for all temperatures
up to the superfluidity transition point.
IV. BOSE-EINSTEIN CONDENSATION
PHENOMENON
Within our hydrodynamic approach it is easy to find
out the infrared structure of the one-particle spectrum.
Therefore, the main purpose of this section is to derive
exact low-energy asymptotic behavior of the normal
Gab(x− x′) = −〈ψa(x)ψ∗b (x′)〉, (4.16)
and anomalous
G˜ab(x− x′) = −〈ψa(x)ψb(x′)〉, (4.17)
Green’s functions which are determined as statistically
averaged values of various pairs of ψ-fields. For the spa-
cial dimensionalities higher than two the above functions
at equal imaginary time arguments and at large particle
spacing tend to the constant
Gab(x) = G˜ab(x) = −√n0an0b, τ = 0, r →∞,(4.18)
where n0a is the Bose condensate density of sort a. The
number of particles in the lowers single-particle state is
a model-dependent quantity, which in the hydrodynamic
approach can be calculated as follows (see [22] for details)
√
n0a = lim
τ ′→τ−0
〈
√
na(x)e
iφa(x
′)〉∣∣
r′=r
, (4.19)
or, equivalently limτ ′→τ−0〈e−iφa(x)
√
na(x′)〉
∣∣
r′=r
. Pass-
ing to the four-momentum space
Gab(P ) =
∫
dxe−iPx
{√
n0an0b +Gab(x)
}
, (4.20)
G˜ab(P ) =
∫
dxe−iPx
{√
n0an0b + G˜ab(x)
}
, (4.21)
and taking into account equations (4.16), (4.17), (4.19)
and our estimation for the infrared structure of the hy-
drodynamic action we have
Gab(P → 0) = −√n0an0b〈φaPφb−P 〉, (4.22)
FIG. 1: One-loop corrections to the Dabφφ(K) vertices. Arrows
denote phase fields φaK and solid lines stand for density fields
ρaK .
and G˜ab(P → 0) = −Gab(P → 0). The applicabil-
ity of the above equation is not restricted to the low-
temperature limit where it generalizes the celebrated
Gavoret-Nozie`res result [23, 24] on the mixture of Bose
particles, but it is also valid at finite temperatures in a
condensate region. In particular, a zero-frequency limit
of this formula is the extension of the Josephson result
[25] which due to presence of dipole-dipole interaction
possesses intriguing anisotropic behavior.
V. ONE-LOOP CALCULATIONS
The absence of the infrared divergences guarantees
that in the weak-coupling limit properties of the sys-
tem can be described quantitatively even within the
first-order perturbation theory. In order to calculate
anisotropic superfluid densities of the two-component
dipolar mixture we have to collect all diagrams with two
external phase lines. On the one-loop level the problem
is simple since the correction to every Dabφφ(K) vertex in
this approximation is given by two diagrams (see Fig. 1),
so for the matrices of superfluid densities we obtain
ρ
z(⊥)
ab = δabmana −∆ρz(⊥)ab . (5.23)
At zero temperature these quantities satisfy the following
identities ∆ρ
z(⊥)
AA = ∆ρ
z(⊥)
BB = −∆ρz(⊥)AB which are consis-
tent with current conservation (3.11). Straightforward
calculations yield for ∆ρ
z(⊥)
AB
∆ρzAB =
2
V
∑
q 6=0
~
2q2z
εAεB
E+E−
nAnBν
2
AB
(E+ + E−)3
, (5.24)
∆ρ⊥AB =
1
V
∑
q 6=0
~
2(q2x + q
2
y)
εAεB
E+E−
nAnBν
2
AB
(E+ + E−)3
,(5.25)
where in order to simplify notation we introduced free-
particle dispersion εa = ~
2q2/2ma. We also used nota-
tion for the two-body potential νab = νab(q) as well as
for two branches of excitation spectrum E2± = (E
2
A +
E2B)/2±
√
(E2A − E2B)2/4 + 4εAεBnAnBν2AB, here E2A =
ε2A + 2εAnAνAA (EB = EA→B) is the Bogoliubov spec-
trum of component A (B).
In the same fashion, by calculating one-loop diagrams
contributing to the Dabnn(K) vertices (see Fig. 2) we ob-
4FIG. 2: Diagrams contributing to the Dabnn(K) vertices.
tained corrections to the inverse susceptibilities
∂µa
∂nb
= gab +
∂∆µa
∂nb
. (5.26)
Omitting details of simple but cumbersome computations
we present results obtained in the zero-temperature limit
∂∆µA
∂nA
=
−1
2V
∑
q 6=0
ε2A
E2+E
2
−
{
[νAAE
2
B − 2εBnBν2AB ]2
E+E−(E+ + E−)
+
[
νAA(E+E− + E
2
B)− 2εBnBν2AB
]2
(E+ + E−)3
}
,(5.27)
∂∆µA
∂nB
=
−1
2V
∑
q 6=0
εAεBν
2
AB
E2+E
2
−
{
ε2Aε
2
B
E+E−(E+ + E−)
+
(E+E− + ε
2
A)(E+E− + ε
2
B)
(E+ + E−)3
}
.(5.28)
Of course, one obtains the same result using thermo-
dynamic identities ∂µa∂nb =
∂2
∂na∂nb
E0
V , where E0 is the
ground-state energy of two-component dipolar Bose sys-
tem in the Bogoliubov approximation. It is worth not-
ing that integrals in Eqs. (5.27), (5.28) are ultraviolet
divergent. To remove these divergences we use the pre-
scription originally introduced in Ref. [26] for the one-
component Bose system with dipolar interaction. The
trick is to rewrite the Fourier transform of potentials
νab(k) via scattering amplitude at low momenta. There-
fore, to the r.h.s. of equations (5.27) and (5.28) we should
add mA
~2
∫
dq
(2pi)3 ν
2
AA/q
2 and 2mAmB
~2(mA+mB)
∫
dq
(2pi)3 ν
2
AB/q
2,
respectively. The same result is obtained with the help
of usual dimensional regularization procedure.
In the dilute limit the leading-order contribution to the
condensate depletion can be calculated in the closed form
by making use of Taylor series expansion of exponential
and square root factors in Eq. (4.19)
n0A
nA
= 1− 〈φ2A(x)〉 −
1
4n2A
〈n2A(x)〉
+
i
nA
lim
τ ′→τ−0
〈φA(x′)nA(x)〉
∣∣
r′=r
, (5.29)
and similarly for the sort B. Performing integration over
Matsubara frequency for ∆nA = nA − n0A we obtain
∆nA =
1
2V
∑
q 6=0
{
εA + nAνAA
E+ + E−
[
1 +
E2B
E+E−
]
− 1
}
.(5.30)
The above result in the limit of vanishingly small inter-
species interaction coincides with that of Ref. [27].
For specific calculations we will restrict ourselves by
considering only mixtures with equal mass of differ-
ent sorts of particles. This is quite a reasonable ap-
proximation for experimentally relevant two-component
162Dy-164Dy and 164Dy-162Er systems. Particularly, in
this equal-mass limit mA = mB = m two branches
of the excitation spectrum take a very simple form
E2± = ~
4q4/4m2 + ~2c2±q
2 providing that all thermo-
dynamic parameters of a binary dipolar Bose mixture
at zero temperature can be written in terms of one-
dimensional integrals (see Appendix for details). Re-
cent experimental predictions [28, 29] for the scattering
lengths of dysprosium and erbium condensates clearly
show that the above mentioned homogeneous mixtures
are unstable towards collapse. Therefore, in order to
demonstrate the impact of the dipole-dipole interaction
on the equilibrium properties of two-component Bose
gases we adopt simplified model with det gab = 0 and
4πd2A/3gAA = 4πd
2
B/3gBB = ε < 1. This model is of
particular interest because such a system on the mean-
field level is at the threshold of phase separation and
only the presence of quantum effects recovers the ther-
modynamic stability of mixed state. Introducing s-wave
scattering lengthes lA = gAAm/4π~
2 (lB = lA→B) and
typical notation Qs(ε) =
∫ 1
0 dx[1 + ε(3x
2 − 1)]s/2 we are
in position to write down condensate depletion
∆nA =
8
3
√
π
nAlA
√
nAlA + nBlBQ3(ε), (5.31)
superfluid densities
∆ρzAB/m =
64
45
√
π
nAlAnBlB√
nAlA + nBlB
×
{
1
ε
Q5(ε)− 1− ε
ε
Q3(ε)
}
, (5.32)
∆ρ⊥AB/m =
32
45
√
π
nAlAnBlB√
nAlA + nBlB
×
{
1 + 2ε
ε
Q3(ε)− 1
ε
Q5(ε)
}
, (5.33)
and corrections to the inverse compressibility matrix
1
gAA
∂∆µA
∂nA
=
16√
π
lA
√
nAlA + nBlBQ5(ε), (5.34)
1
gAB
∂∆µA
∂nB
=
16√
π
√
lAlB
√
nAlA + nBlBQ5(ε). (5.35)
As it is seen from the above calculations the mixture is
always stable for lA 6= lB. The sound velocity c2− ≃
nAnB detχ(k)/(mc+)
2 of the lower branch of excitation
spectrum which is fully determined by the one-loop re-
sult (5.34), (5.35) reveals isotropic behavior and increases
with increasing of the strength of dipole-dipole interac-
tion.
5VI. SUPERFLUID HYDRODYNAMICS
In the following we consider only the low-temperature
limit completely ignoring densities of normal compo-
nent in the superfluid. To obtain the equations of
macroscopic hydrodynamics we use Zisel prescription
adopted from [30]. The underlying idea is the formu-
lation of variational principle that governs the evolu-
tion of the local non-uniform densities na(r, t) and ve-
locities fields v⊥a (r, t), v
z
a(r, t) for two-component dipolar
bosons. The appropriate Lagrangian density L = K − U
necessarily contains kinetic energy term (see Eq. (3.10))
K = 12ρ⊥ab[n]v⊥a (r, t)v⊥b (r, t)+ 12ρzab[n]vza(r, t)vzb (r, t)+ . . .,
where matrices ρ⊥ab[n], ρ
z
ab[n] (through the local densities
of each sort of particles) depend on spatial coordinates
and time. The second term in L is the internal energy per
volume of the two-component Bose system with dipole-
dipole interaction in the external potentials Ua(r)
U = ǫ[n] + Ua(r)na(r, t)
+
1
2
∫
dr′Φ
(d)
ab (r
′ − r)na(r, t)nb(r′, t), (6.36)
where ǫ[n] is energy density of the uniform system after
substitution na → na(r, t). When minimizing actionA =∫
dt
∫
drL one should take into account the local particle
number conservation laws
∂tna +
1
ma
div ja = 0, (6.37)
(from now on we do not write the dependence
on r, t explicitly) with currents defined by ja =
(ρ⊥ab[n]v
⊥
a , ρ
z
ab[n]v
z
b ). Performing these simple calcula-
tions we obtain equations that determine conditional ex-
tremum of A
∂tva = − 1
ma
∇
{
µa[n] +
∫
dr′Φ
(d)
ab (r− r′)n′b
+Ua(r) +
1
2
∂ρ⊥bc[n]
∂na
v⊥b v
⊥
c +
1
2
∂ρzbc[n]
∂na
vzbv
z
c
}
, (6.38)
which have to be solved together with (6.37). Few com-
ments are in order to outline the limits of applicability of
the above hydrodynamic equations. First of all, the to-
tal kinetic energy K of two-component superfluid despite
one-component case is not a quadratic form over veloc-
ities even at very low temperatures. Therefore omitting
higher-order terms we restrict our consideration to the
distant hydrodynamic region close to the equilibrium. In
practice, using procedure of section 5 it is not hard to
obtain these quadruple, etc. terms by calculating ap-
propriate vertices Dabcdφφφφ(K,Q, P ), . . ., but in the ex-
perimentally relevant dilute limit their contribution are
negligibly small. Secondly, this semi-phenomenological
formulation of the macroscopic hydrodynamics is quasi-
classical by its nature which suggests the external po-
tential Ua(r) to be a smoothly varying function of co-
ordinates, since only in this case the so-called quantum
pressure term ~2(∇na)2/(man2a) is smaller than chemi-
cal potential µa[n]. Moreover, in the absence of super-
fluid flow (va = 0) from (6.38) we get the Thomas-Fermi
stability condition for the two-component system in the
non-uniform external potential. However, the obtained
system of coupled equations can be easily used to de-
tect the formation of droplets with large number of par-
ticles [18] in mixtures with dipole-dipole interaction. It is
worth noting that the linearized equations (6.37), (6.38)
correctly describe the propagation of sound-waves in the
homogeneous (Ua(r) = 0) system with velocities given by
Eq. (3.15).
VII. CONCLUSIONS
To summarize, we have studied the properties of binary
dipolar Bose condensates at zero temperature. Mak-
ing use of hydrodynamic description in terms of den-
sity and phase fluctuations we have found the connec-
tion between infrared anisotropic behavior of one-particle
Green’s functions and dynamic structure factors with
macroscopic parameters of two-component superfluids.
Within this approach the matrices of superfluid densities
and inverse susceptibilities are calculated in the one-loop
approximation for a model of dipolar Bose gas with the
short-range repulsion.
Additionally we pointed out on the correct way to cal-
culate the condensate density of interacting bosons in the
Popov’s hydrodynamic formulation. The impact of the
dipole-dipole interaction on the condensate depletion in
the two-component Bose gas is examined.
Finally, using variational approach we have considered
the problem of macroscopic motion of two-component
dipolar superfluids at very low temperatures. The ob-
tained system of coupled hydrodynamic equations can be
used to describe future experiments with binary dipolar
Bose condensates.
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VIII. APPENDIX
In this section we present some technical details of our
first order perturbative calculations. In the case when
masses of two species of particles are equal to each other
the inverse susceptibilities of the binary dipolar Bose gas
can be written via integrals over polar angle
∂∆µA
∂nB
=
1
3π2
∫ pi
0
dθ sin θ
mc2+
nAnB
(mc+
~
)3
×γ4ABf1(γ), (8.39)
6∂∆µA
∂nA
=
1
3π2
∫ pi
0
dθ sin θ
mc2+
n2A
(mc+
~
)3
×{γ4Af1(γ)− 2γ2Aγ2f2(γ)− γ4f3(γ)} , (8.40)
where in order to shorten notations we introduced fol-
lowing functions
f1(γ) =
3γ4 + 9γ3 + 11γ2 + 9γ + 3
(1 + γ)3
,
f2(γ) =
γ2 + 3γ + 1
(1 + γ)3
, f3(γ) =
1
(1 + γ)3
.
We also use abbreviation for γ = c−/c+, γA = cA/c+ and
γ4AB = nAnBν
2
AB(k)/m
2c4+. Here c
2
± = (c
2
A + c
2
B)/2 ±√
(c2A − c2B)2/4 + nAnBν2AB(k)/m2 are sound velocities
of two branches of the excitation spectrum of the system
and c2A = nAνAA(k)/m (cB = cA→B) is the mean-field
sound velocity of each sort along. In the same fashion
the matrix elements of superfluid densities read
∆ρzAB/m =
4
15π2
∫ pi
0
dθ sin θ cos2 θ
(mc+
~
)3
×γ4ABf2(γ), (8.41)
∆ρ⊥AB/m =
2
15π2
∫ pi
0
dθ sin θ sin2 θ
(mc+
~
)3
×γ4ABf2(γ). (8.42)
Finally, for the condensate depletion of sort B we find
∆nB =
1
6π2
∫ pi
0
dθ sin θ
(mc+
~
)3
×
{
1− γ5
1− γ2 − γ
2
A
1− γ3
1− γ2
}
. (8.43)
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